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Abstract 

Based on a study of charge, (C), parity (P) and time 
reversal (T) symmetries we show how a CP violating net- 
work of defects in the early Universe may bias baryon 
number production. A static network, even though it vi- 
olates CP, respects CPT and hence does not bias baryon 
number production. On the other hand, the ordering 
dynamics of defects in a network, governed by the inter- 
play of string tension, friction, inertia and the expansion 
of the Universe, results in the dynamical breakdown of 
CPT symmetry and may lead to a net baryon number 
production. 

1. Introduction 

In Ref. § ( see also Refs. [|| and we proposed 
an alternative electroweak scale baryogenesis mechanism 
which does not require the electroweak phase transition 
to be first order, but which instead makes essential use of 
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the nontrivial dynamics of CP violating cosmological de- 
fect networks. The crucial third Sakharov condition for 
baryogenesis, the departure from thermal equilibrium, is 
achieved by the out-of-equilibrium motion of the defects 
through the plasma in the expanding Universe. Some of 
the issues related to CP and CPT violation were only 
touched on in Ref. ||l| . The main goal of this letter is to 
clarify these issues. 

In Ref. ^ we assumed that at the time of the elec- 
troweak phase transition there is a network of defects 
(e.g. cosmic strings) which were produced at an energy 
scale slightly higher than the electroweak scale and in 
the cores of which the electroweak symmetry is unbroken 
(for some concrete models see e.g. Ref. |^). As the de- 
fects move through the primordial plasma, a nonvanish- 
ing net baryon number can be generated. As in many of 
the other electroweak baryogenesis mechanisms based on 
critical bubbles produced in a first order phase transition 
generating a net baryon number (see e.g. Refs. (5[|^), we 
assume that there is extra CP violation in the Higgs sec- 
tor (requiring us to consider extensions of the minimal 
standard model). In analogy to how the CP violating 
phase changes when a bubble wall passes over a point p 
in space, generating a net baryon number density at p, 
baryons will be generated when a wall of a topological de- 
fect! ! passes over p. More precisely, in the case of local 
baryogenesis, antibaryons will be generated when p en- 
ters the defect (because the CP violating phase changes in 
opposite direction to what happens when p changes from 
being in the false to being in the true vacuum), and an 
equal number of baryons are generated when p exits the 
defect. However, inside the defect the antibaryons are 
converted to leptons via sphaleron processes (since the 
latter are un-suppressed inside the defects as long as the 
defects are sufficiently thick), and therefore the net re- 
sult of the dynamics is to produce a nonvanishing baryon 
number density. Obviously, both diffusion and the ex- 
pansion of the Universe (without which there would be 
no defect network) play a crucial role in this mechanism. 
We have for simplicity described a local baryogenesis sce- 
nario in which CP violation and baryogenesis occur at 
the same spatial point. A similar description holds for 
non-local baryogenesis scenarios. 

It will be seen that our mechanism is closely related 
(with notable differences which will become clear in the 
course of the letter) to the idea of spontaneous baryoge- 
nesis of Ref. j^] which asserts that if there is a field - 
named by the authors the ilion - in the early Universe 
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which couples to the baryonic current, then either the ex- 
pansion of the Universe alone or a potential for this field 
could cause it to evolve in a non-trivial manner, thus 
biasing baryon number production. 

Dine et al j|] and Cohen, Kaplan and Nelson [|j re- 
alized that a CP violating relative Higgs phase 6* of a 
two Higgs doublet model may 'play the role' of the ilion 
field. There are, however, notable differences: the phase 
9 couples via a derivative coupling to an axial current 
so that the effective Lagrangian containing a term 
oc {dfj.9)j^ is CPT conserving. Nevertheless, CPT is vi- 
olated dynamically. As the Universe super-cools in the 
false symmetric phase, critical bubbles of 'true' vacuum 
nucleate and grow driven by the release of latent heat. 
This bubble growth is the mechanism for dynamical vio- 
lation of CPT symmetry and a net baryon number may 
be created. (The CPT transformed situation would com- 
prise collapsing bubbles, which is clearly thermodynam- 
ically forbidden.) 

In this letter we will show that the mechanism of Ref. 
is an alternative way to obtain dynamical CPT viola- 
tion, based on the ordering dynamics of defect networks 
and hence it is a realization of the original idea of sponta- 
neous baryogenesis. Our case, however, is slightly more 
complicated than the original scenario in that the net 
change in 9 vanishes. 

2. Is there a CPT Paradox? 

Let us review the mechanism of Ref. |^ in a bit more 
detail. The first assumption is that cosmic strings are 
produced at a phase transition above the electroweak 
scale, i.e. at an energy scale Tcs which satisfies Tcs > 
Tew — lOOGeV, but which is not too high so that by 
the time of the electroweak phase transition the strings 
are not too diluted. Some particle physics models in 
which this mechanism can be implemented are discussed 
in Ref. Another candidate model is one in which 
the supersymmetric grand unified phase transition oc- 
curs (as a consequence of the presence of flat direc- 
tions in the grand-unified Higgs potential) at around 
T - ITeV 0, lull. We also need to assume that after 
the electroweak phase transition the electroweak sym- 
metry SU{2)l X U{1)y is preserved in the core of the 
strings, i.e. the electroweak Higgs expectation value van- 
ishes. If there is extra CP violation in the theory, re- 
alized through e.g. explicit CP violation in the Higgs 
sector of a two Higgs doublet model, the CP violating 
relative Higgs phase 9 will change across the string in a 
definite manner, just like in the case of bubble growth 
in a first order phase transition |12|, ||], In this 

case strings are not CP invariant field configurations and 
the CP conjugate configurations are not solutions to the 
field equations. They would thus have a much higher en- 
ergy. That is how the explicit CP violation in the Higgs 
sector is manifest in a string network. In this respect 



the 'ground state' is CP violating. Analogous investiga- 
tions apply to domain walls and monopoles. However, 
monopoles lead to a large volume suppression factor for 
electroweak baryogenesis. Domain walls, although they 
would be more effective than cosmic strings from a geo- 
metric point of view (more volume in which baryogenesis 
can take place) suffer from the problem of energy dom- 
inance: unless one invokes as a remedy e.g. additional 
symmetry breaking that would destroy them, they would 
eventually dominate the energy density of the Universe. 
Cosmic strings, on the other hand, since they reach a 
scaling solution do not suffer from this problem. Note 
that the arguments we will present here concerning the 
basic baryogenesis mechanism are general in the sense 
that they apply to any defect network. 

The CP violating relative Higgs phase 9 changes across 
the core of the string (this is for example worked out for a 
spherical bubble in Ref. ) . If we set it to zero outside 
the string it acquires a definite sign on the wall and in the 
core of the string, say 9 > everywhere. The length over 
which 9 varies, which specifies the thickness of the 'wall' 
and core size L of the defect, is given by the electroweak 
scale but is somewhat model dependent. Provided L is 
sufficiently large to accommodate the sphaleron of typical 



size iglT)- 



L > (g^T) ^, it is plausible that the 



sphaleron rate is un-suppressed in the core of the string 
[Q. In this case, the rate of sphaleron transitions per 
unit volume is given by Tsph/V = HsphiawTY-, ^sph ~ 1 
[15|, and the standard baryogenesis mechanism will apply 

A static string configuration is not CP invariant. The 
phase 9 has the following transformation properties: it 
is even under parity (P), odd under charge conjugation 
(C) and odd under time reversal (T), so that under CP 
9{x,t) -9{-x,t) and under T 9{x,t) -> -9{x,-t), 
and thus under CPT 9{x,t) 9{—x,—t). Hence 9^6* is 
odd under CPT. (Note that 9^6* transforms as a vector 
field.) 

How the string interacts with the plasma can be mod- 
eled by a term in Lagrangian of the form 



(1) 



where = ^'7^75 4* is the axial current. This term can 
be obtained by a specific local rotation of fermions with 
rotation angle proportional to 9. (For the exact form of 
(|l|) in a two Higgs doublet model see pof.) 

The axial current transforms under CPT as j'^{x'^) 
~j^{—x'^) so that the Lagrangian (|^) is invariant under 
CPT as it should be. We conclude that a static string un- 
der CPT transformation transforms into itself, and hence 
can be considered to be its own 'anti-particle'. 

We will now relate this conclusion to the CPT theorem. 
Recall that the CPT theorem states that any Lorentz 
invariant Lagrangian C{x) transforms under CPT into 
C^{—x) and hence, if hermitean, C is invariant under 
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CPT A consequence of this theorem is that any 

stable configuration must be either its own 'anti-particle' 
or have an 'anti-particle' of exactly the same energy. 
Since defects are not CP eigenstates, the anti-defects 
have larger energy, hence they must be their own 'anti- 
particles'. Indeed, under CPT a static string transforms 
into itself. This is in agreement with the conclusion we 
have reached above. We have now established CPT in- 
variance of a static defect network and its consistency 
with the CPT theorem. 

How is it then possible that one gets any baryogenesis 
from defects? If a string moving in one direction produces 
a net number of baryons, then it seems that based on the 
CPT theorem the same string moving in the opposite di- 
rection should produce the same number of antibaryons. 
But our microphysical mechanism of baryogenesis is in- 
dependent of the direction of motion of the string. In 
the rest of the paper we will argue that this apparent 
CPT paradox can be resolved taking into account the 
dynamics of the string network. 

3. Resolution 

For a static string there is no paradox: by the CPT 
theorem a static string as its own 'antiparticle' cannot 
generate a net baryon number. The same conclusion 
holds for a moving string in the absence of dissipation: 
the baryon density induced at the trailing edge of the de- 
fect exactly cancels the antibaryon density induced at the 
leading edge. As we will now see a net baryon number 
density results only if dissipation is effective. 

As argued in [Q , a moving string drives plasma out of 
equilibrium through coupling to the plasma via a term 
of the form (|l|) . Thermal equilibrium is restored through 
dissipative processes in the plasma, an example being the 
biased sphaleron process 

flB OC -Tsph^lB, (2) 

where Tsph is the sphaleron rate, nB^^J■B are baryon 
number density and the corresponding chemical poten- 
tial. These processes all violate time reversal symme- 
try (T) and since they conserve CP, CPT is violated. 
This dynamical CPT violation should not surprise us too 
much: both when there is a surplus of particles over anti- 
particles and vice versa (CPT conjugate case), the out 
of equilibrium processes such as will tend to restore a 
thermal equilibrium with equal numbers of particles and 
antiparticles. This out-of-equilibrium dissipative CPT 
violation makes the crucial difference between static and 
moving strings: moving strings induce an effective CPT 
symmetry violation analogous to the effective CPT vio- 
lation induced by the dynamics of the ilion field of Ref. 

We will now describe a non-local baryogenesis scenario 
which, when compared with local baryogenesis scenarios, 
typically dominates baryon production. For thick-walled 



defects, for which particles scatter typically many times 
as they move across the phase boundary (wall), due to 
imperfect transport and finite decay time, the field d^9 
(sometimes called 'charged potential') will not be per- 
fectly screened. In the case of thin-walled defects for 
which the scattering length exceeds the phase boundary 
thickness, a coherent quantum mechanical reflection will 
take place and source axial current in the vicinity of the 
defect; transport and decays will determine the destiny 
of this current, e.g. how it thermalises. One can show 
that under rather weak conditions (essentially sub-sonic 
velocity of the string is the necessary and sufficient condi- 
tion), for both thin- and thick- walled defects, a diffusion 
tail of particle minus anti-particle excess forms in front of 
both the trailing and the front edges of a moving defect. 
The excess that overlaps the string core biases baryogen- 
esis since in the core the sphaleron rate is un-suppressed, 
while the excess in front of the defect has no effect. We 
will now consider some of the aspects of this model re- 
lated to symmetry conservation/violation. 

Consider a segment of a string moving through the 
plasma which was set into motion by some initial kick. 
According to the string leaves a trail of baryons in 
its wake. But also it slows down due to the friction force 
that plasma exerts and eventually stops. Hence, baryon 
production also stops. This process can be viewed as fol- 
lows: a force that put the string in motion must be of 
non-equilibrium origin; the string then approaches equi- 
librium as it slows down. There is no contradiction since 
baryons are produced out of equilibrium. The key ques- 
tion now becomes: What is the force that constantly kicks 
the .strings in the early Universe? 

4. Out of Thermal Equilibrium 

Strings are formed at a phase transition above the elec- 
troweak scale. The strings are a measure of the deviation 
of the field configuration from being in perfect thermal 
equilibrium. In the hypothetical limit of infinite transi- 
tion time, no strings would remain. Immediately after 
the transition, the ordering dynamics is governed mostly 
by the string tension, inertia and friction; the expansion 
of the Universe is irrelevant. This initial stage is called 
friction-dominated regime. As the Universe expands, the 
friction decreases (since the plasma density is redshifted). 
Also, the long strings that typically traverse many hori- 
zons are stretched. Eventually, the expansion of the Uni- 
verse becomes a more important 'damping force' for net- 
work dynamics than the friction, and the network enters 
the so called scaling regime in which the mean separation 
of strings remains proportional to the Hubble radius [ p3| . 

In both regimes strings are evolving out of equilibrium. 
Moving strings drive the surrounding plasma out of equi- 
librium. This ordering dynamics of string straightening 
never stops in an expanding Universe simply because the 
correlation length keeps growing. Correlations in the 
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phases of the scalar field are established through dissi- 
pative processes like string intercommutation and string 
loop decay into gravitational radiation. The expansion 
of the Universe is hence crucial because it keeps the net- 
work out of thermal equilibrium when it reaches a scaling 
regime. In addition it cools down the Universe and hence 
provides the arrow of time. 

Another way to demonstrate the out-of-equilibrium 
nature of the defect network dynamics is to consider 
what happens to a distribution of strings in the scal- 
ing regime if we suddenly let the Universe contract. On 
scales smaller than the Hubble radius at the time when 
the contraction starts, the phase coherence will be main- 
tained. Hence, the final string configuration at the end 
of the contraction will be different from the initial con- 
figuration at the beginning of the expansion (assuming 
that the scale factor of the Universe at these two times 
is the same). 

What about thermal fiuctuations? Thermal excita- 
tions may generate string loops (that decay quickly). 
Since these loops are equilibrium configurations, there 
is no meaningful definition of time arrow and hence no 
dissipation and time reversal violation which are neces- 
sary for net baryon production. Indeed these thermal 
loops cannot excite net axial current and therefore no 
baryogenesis is possible. 

5. Conclusions 

We have argued that any network of defects dynami- 
cally breaks CPT symmetry. When these defects couple 
to the left handed fermion current or in fact any cur- 
rent that is not orthogonal to it (an example is the axial 
current in (|l|) which can be decomposed into the left- 
handed and right-handed fermion currents) in a CP vi- 
olating manner (via a CP violating field as in (^), and 
when in motion, they may bias baryon number produc- 
tion via the sphaleron processes in the core of defects. 

We now compare this mechanism with the most pop- 
ular model of electroweak baryogenesis in which baryon 
production occurs at a first order electroweak phase tran- 
sition: on or around the phase boundary of a growing 
bubble axial currents are induced, driving fermions in the 
plasma out of equilibrium; and the bubbles expand due 
to release of latent heat. The motion of cosmic strings, 
on the other hand, is generated by the string tension and 
by the expansion of the Universe, both of which tend to 
straighten them. The dynamics is intrinsically out-of- 
equilibrium and does not approach an equilibrium con- 
figuration, at least on scales larger or equal to the string 
correlation length. 

In conclusion, when at a phase transition CP violating 
defects are produced, ordering dynamics drives the sys- 
tem out of equilibrium locally, leading to dynamical CPT 
violation. In conjunction with CP violation this biases 



baryon number production. 
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